With the increasing density of VLSI circuits, the interconnection wires are getting packed even closer. This has increased the effect of interaction between these wires on circuit performance and hence, the importance of controlling crosstalk. We consider the gridded channel routing problem where, specifically, the channel has 3 routing layers in the VHV configuration. Given a horizontal track assignment for the nets, we present an optimal algorithm for minimizing the crosstalk between vertical wiring segments in the channel by finding an optimal vertical layer assignment for them. We give an algorithm that minimizes total crosstalk between vertical wires on the same V layer on adjacent columns of the grid in O(v logv) time using O(v) memory, where the channel has v columns. We then extend this algorithm to consider crosstalk between wires in nonadjacent columns and between wires on different layers. Finally, we show how our algorithms can be extended to take crosstalk tolerance specifications for nets into account.
INTRODUCTION
With VLSI fabrication entering the deep submicron era, devices and interconnection resources are being placed at an ever increasing proximity. Reduction in the interconnection and transistor switching delays results in faster signal transition times. All these factors increase the coupling effect (inductive and capacitive) between wiring resources. Increased coupling effect not only increases signal delays, but also decreases signal *Corresponding author. integrity due to transmission line behavior. This phenomenon is called crosstalk. In addition to the coupling effect, crosstalk depends on signal transition time [1] . We consider the minimization of coupling effect when the signal transition time is fixed at a value determined by the technology used.
There is some work in the literature on crosstalk minimization for multi-chip modules [2, 3, 4] and for integrated circuits [6] . In this paper, we address the crosstalk minimization problem during chan-nel routing of integrated circuits. Previous work on the crosstalk problem in channel routing falls into two main categories. In the first category, the gridless routing model is used. Spacings between wires are adjusted to reduce crosstalk [3] . In the second category, the gridded 2-layer channel model is used. Horizontal track permutations are done to minimize crosstalk [6] . In this paper, we consider the gridded 3-layer VHV model for the channel. In this model, the vertical wires may be assigned to either the top or bottom routing layers. We assume that track assignment for the middle H layer has been specified. This may be accomplished by using a conventional channel width minimization algorithm [11] or by permuting horizontal tracks to minimize crosstalk [6] . The In actual designs, the tolerance (noise budget) for crosstalk on a net is specified by the noise sensitivity of the net and by its wiring length (which is fixed for the proposed layer assignment problem). This can be translated into tolerance specifications for each vertical wire segment in the net (described in Section 4). We show how the total crosstalk between vertical wires can be minimized, while each wire satisfies its noise tolerance.
Our algorithms target the total vertical crosstalk only. The crosstalk between the horizontal wires is an important component of the total crosstalk in the channel. Since our algorithms take the horizontal track assignment as an input, one could use previously developed algorithms that target crosstalk while doing this assignment [6] . Thus the input to our algorithms can take the crosstalk between horizontal wires into account.
In the next section we introduce the notation to be used in this paper. The model for estimating crosstalk is formally specified. In section 3, we describe the algorithm that finds an optimal layer assignment for the vertical [10] but, due to inductive coupling, the total effective s is about 2 [8] The above concepts are illustrated in the following example. An alternative objective function is defined in Section 4, for which a similar solution to the one we propose can be applied.
CROSSTALK MINIMIZATION ALGORITHM
We now describe the algorithms for minimizing vertical crosstalk. Our algorithms are intrinsically independent of the crosstalk model defined in the previous section. Thus any other model that assigns a value to Ci,j statistically, i.e., the value depends only on the coordinates of the vertical wires and the horizontal track assignment, can be used in conjunction with our algorithms.
To simplify the presentation, we divide this section into three parts. In the first subsection we consider crosstalk between vertical wires on adjacent columns of the same V layer of the channel only. We show how to transform the crosstalk minimization problem, for this case, into one of the computing the shortest path in a graph. In the second subsection we generalize the solution to the case where we consider crosstalk between wires on the same layer that are at most K columns apart, for any specified K. In the last subsection, we extend the algorithm to take crosstalk between wires on different vertical layers into account. Figure 2 . The distance between adjacent columns in the channel grid is assumed to be unit and s 1. Now the algorithm for layer assignment of vertical wires proceeds by finding the shortest directed path from source to sink. Denote this path by P. Such a path will have exactly one vertex from )V s. for each j= 1,2,... ,v. The layer assignment for the vertical wires is then derived from the labels of the vertices on the shortest path.
The following pseudo-code shows the complete algorithm. if column j has only one vertical wire k then 5.
if (T) 6 P then Y(k)= T else Y(k)= B; 6. endif; 7. if column j has two vertical wires then 8. 1If v is not a multiple of K then the last group of columns has less than K members. Having derived the graph G(N, E), from the information in channel C, the algorithm now is to find a path P from source to sink that minimizes the sum of the lengths of the edges on P and the costs of vertices on P. A minor modification of the shortest path algorithm can be used to compute this path. The modification is to replace each vertex a (except source and sink) by a pair of vertices ain and aout. All the edges from a to some other vertex b are replaced by edges from aout to bin. An edge from ain to aout of length equal to the cost of a is added. Let the resultant graph be G'(V',E'). Now the regular shortest path algorithm can be applied to the transformed graph G' to get the minimum crosstalk layer assignment.
The modification of steps 3 through 13 in Algorithm assign_layers, to adapt to the fact that vertex labels can be m-tuples for some m _< 2K, is straightforward. The following theorem gives the optimality of the algorithm. Figure 2 . The transformation described above is shown for a part of the graph G in Figure 5 
